Abstract: A two-year (2010-2011) field experiment was undertaken to examine the effect of nitrogen (N) rate (0, 100, 150, and 200 kg N ha −1 ) and N source (urea, calcium ammonium nitrate; ammonium sulphate) on canopy reflectance, chlorophyll pigments, photosynthesis, yield, grain quality, and N-use efficiency in corn. However, the physiological observations were made only in 2011. We found that stover biomass was unaffected by higher N rate beyond 150 kg N ha −1 in both years. Higher N rates did not provide a yield advantage as compared to 150 kg N ha −1 in 2010, but the highest grain yield was produced with 200 kg N ha −1 in 2011. The higher grain yield by N application was attributed to a greater kernel size in both years. Corn stover [N] was found to increase with increasing N rates in both years. Kernel [N] only responded to the high N rate in 2010. There was no change in the kernel density as affected by N rate in both years. An increased N addition resulted in a decrease in both N-uptake efficiency and agronomic-N use efficiency in both years. There was an inconsistent effect of N source on yield and N use efficiency indices in the corn over two years.
Introduction
Nitrogen (N) fertilizer affects corn (Zea mays L.) dry matter production by influencing leaf area development, leaf area maintenance, photosynthetic capacity, and consequently yield and grain quality (Muchow 1998) . However, N management in corn production is considered a challenge for economic, agronomic, and environmental reasons Biswas 2015, 2016) . It has been estimated that an inefficient use of N fertilizer represents approximately CAN$680 million to $1 billion of direct economic losses annually for Canadian farmers alone. As a result, the adoption of improved N management practices in corn production can increase both grain yield and N use efficiency (NUE) as well as minimize N loading of the environment (Halvorson et al. 2010; Ciampitti and Vyn 2011; Ma et al. 2012; Ma and Biswas 2015) .
Nitrogen application rate and fertilizer N source affect corn grain yield and quality (Zhang et al. 1993) . The use of urea is increasing as it has certain advantages over other forms of N fertilizer in manufacturing, transporting, and marketing. However, a substantial amount of N may be lost by volatilization of ammonia if urea is not incorporated into the soil by tillage, rainfall or irrigation (Ma et al. 2010a ). While urea is considered the most important N source for well-managed corn production systems, other forms of N fertilizer (i.e., ammonium nitrate, urea ammonium nitrate, etc.) have been popular in corn production under no-tillage production systems (Bandel et al. 1980; Fox et al. 1986 ). It has also been shown that agronomic NUE (i.e., grain produced per unit of fertilizer N applied) is greater with urea-ammonium nitrate or ammonium nitrate than with urea on no-till corn (Touchton and Hargrove 1982; Fox et al. 1986; Halvorson et al. 2010) . Power et al. (1972) evaluated the effects of ammonium sulfate, ammonium nitrate, calcium nitrate, and urea on dry matter production and yield of corn and reported that dry matter increased significantly with fertilization; however, grain yield differences among the different N sources were seldom significant. Bushong et al. (2014) reported that ammonium sulphate can increase both grain yield and NUE in rain-fed corn, while urea ammonium nitrate is better at improving grain yield in irrigated corn compared to ammonium sulphate. In contrast, a long-term N source study demonstrated that urea as a fertilizer N source improved both grain yield and N uptake in corn compared to other N fertilizer sources (Freeman et al. 2007 ). However, little is known about the effectiveness of different forms of fertilizer N on well-managed corn production systems in the short corn growing season of north eastern USA and Canada.
The improvement in NUE in cereals is considered a big challenge as large amount of N fertilizer is required to attain maximum yield, under which conditions NUE is estimated to be far less than 50% (Raun and Johnson 1999; Zhu 2000) . The NUE can be divided into two processes: (i) N uptake efficiency (NupE; the ability of a plant to take N up from the soil as nitrate and ammonium), and (ii) N utilization efficiency (NutE; the ability of a plant to use N to produce grain yield). Plant NUE is a complex physiological trait that depends on relative N availability in the soil and photosynthetic carbon fixation to provide energy for N uptake and precursors that required for amino acid biosynthesis (Hirel et al. 2007 ). It has been documented that N supply can improve photosynthetic rate (i.e., carbon assimilated per unit of leaf area and time) and photosynthetic N use efficiency (i.e., carbon produced per unit of leaf N), but it may decrease agronomic N use efficiency Ma and Biswas 2016) . On the other hand, fertilizer N source has considerable effect on NUE in corn (Freeman et al. 2007; Bushong et al. 2014 ). An increased knowledge on the physiological mechanisms controlling plant nitrogen economy under different N management practices is critical for improving NUE as well as for reducing excessive input of fertilizers, while maintaining an acceptable yield and environmental quality (Hirel et al. 2007; Ciampitti and Vyn 2011; Ma and Biswas 2015) .
The grain yielding capability of a corn crop is dependent on the capacity of the crop to assimilate CO 2 (Muchow and Sinclair 1994) . The leaf photosynthetic capacity has often been highly associated with leaf N (Muchow and Sinclair 1994; Sinclair et al. 2000) . Since the majority of leaf N is contained in chlorophyll molecules, there is a close link between leaf chlorophyll content and leaf N (Yoder and Pettigrew-Crosby 1995) . However, the success of precision N management in corn relies on the accurate diagnosis of plant N status on a field in real time (Bausch and Duke 1996; Ma et al. 2005 Ma et al. , 2007 Ma et al. , 2010b . Canopy reflectance indices such as the normalized difference vegetation index (NDVI) and simple ratio (SR) have long been tested to detect the N status of the crop as well as to predict crop growth and yield (Bausch and Duke 1996; Ma et al. 1996) . However, integrated plant physiological information along with grain quality and NUE with these indices is largely lacking (Ma and Biswas 2015) . In addition, these indices have not been examined for their feasibility as a crop-N indicator in corn production fertilized with different fertilizer N sources. Since fertilizer N sources affect yield and grain quality (Zhang et al. 1993; Halvorson and Bartolo 2014) , it was hypothesized that yield, grain quality, and N use efficiency along with physiological traits at leaf/ canopy level in corn may be dependent on fertilizer N source in a well-managed corn production system. A two-year (2010-2011) field study was carried out with a corn hybrid fertilized with different N rates and fertilizer N sources to address this hypothesis. The physiological observations made in 2011 will help in understanding the mechanisms of growth, yield formation, and N use efficiency in corn. The findings from our study may be valuable in development of an improved N management practice in order to optimize yield and NUE for sustainable corn production.
Materials and Methods

Experimental design
A two-year field study was carried out on the Central Experimental Farm at Ottawa, ON, Canada to assess the effect of nitrogen (N) application rate and fertilizer N source on canopy reflectance, chlorophyll pigments, photosynthesis, yield, grain quality, and nitrogen-use efficiency (NUE) of corn during the 2010 and 2011 growing seasons. A partial description of the field characterization has been presented elsewhere (Ma and Biswas 2016) . The experimental field was a well-drained Orthic Humic Gleysol (Humaquept) sandy loam in both years. In the 0-to 30 cm layer, the soil contained 40.0 g kg treatments were arranged in a randomized complete block design with four replications in both years. In 2010, the physiological data were not collected due to technical constraints and the experiment was limited to data collection on yield, grain quality and N use efficiency at harvest.
Chlorophyll pigment analysis
The levels of chlorophyll a (Chl a), chlorophyll b (Chl b), and total chlorophyll (Chl a + b) were measured in the youngest fully expanded leaves of two individual plants in each plot at the V6 (the 6 leaf was fully expanded), V8, and V9 growth stages in 2011. For biochemical assays, leaf discs (0.283 cm 2 each) were collected with leaf cutter and sealed into 2 mL vials, which were kept immediately in an ice box. The ice box containing leaf samples was carried to the laboratory immediately after sampling and 1 mL of extract solution was added into each vial. Chlorophyll pigments were extracted by incubating samples with 96% ethanol for 4 days in the dark at 4 ºC. Solution absorbance of each sample was determined spectrophotometrically (Varian CARY 100 Bio UV-Visible Spectrophotometer, Mississauga, ON) and pigments peaks were used to calculate the content of Chl a, Chl b, and Chl a + b using the formulas of Lichtenthaler and Wellburn (1983) .
Canopy reflectance measurements
The canopy reflectance was measured using the GreenSeeker hand held optical sensor (Ntech Industrial Inc., Ukiah, CA, USA) at the V6, V7, and V9 growth stages in 2011. The sensor head of GreenSeeker was positioned at about 80 cm above the corn canopy of the middle row in each plot. Greenseeker generated 45-57 readings per plot and an average value was calculated for each plot. GreenSeeker radiometer generates light at two specific wavelengths (656 and 774 nm) and records the reflectance of both wavelengths by the targeted crop canopy. It provides data output of only two indices, which are as follows:
Photosynthetic gas exchange During the growing season, the photosynthetic gas exchange of the youngest fully expanded leaves of two individual plants in each plot receiving 0, 100, and 200 kg N ha −1 of urea fertilizer, was measured on five growth stages (VT, R1, R2, R3, and R5) in 2011, using an open gas exchange system (Li-6400 Photosynthesis System, LI-COR, Lincoln, Nebraska, USA). The system was calibrated prior to the gas exchange measurements each time according to the manufacturer's instruction. During the measurements, the leaf chamber was maintained at a flow rate of 400 μmol s −1 , CO 2 concentration at 400 ppm, 65% relative humidity, and leaf temperature at 28°C. The leaf was illuminated through an internal light source, with a photosynthetic photon flux density (PPFD) of 1750 μmol m −2 s −1 for the determination of leaf assimilation rate (Markelz et al. 2011) . Data obtained as part of the gas exchange measurements included the area-based leaf assimilation rate (A), stomatal conductance (g s ), and intercellular CO 2 concentration (C i ).
Above-ground stover biomass and grain yield
At harvest, the above-ground stover biomass and grain yield were determined in both years. Five plants were taken from the second row of each plot then they were partitioned into non-grain biomass and grain biomass. Both samples were dried at 80°C to constant weight for the determination of harvest index (HI). Grain yield and grain moisture content was determined by combineharvesting the middle two rows in each plot. Both stover biomass and grain yield (15.5% moisture) were expressed as Mg ha −1 . The statistical analysis of data was performed using analysis of variance (ANOVA) in the General Linear Model procedure of SPSS (PASW Statistics 18.0, Chicago, IL, USA). The main effect of N rate, N fertilizer source, and crop growth stage and their interactions were analyzed each year separately using the three-way ANOVA on the measured variables. The strength of associations among N application rate, agronomic traits, grain quality, and N use efficiency indices was analyzed each year separately with Pearson's correlation coefficient test within the SPSS. The comparison of means was performed with least significance difference (LSD) when the F-test showed significant at P ≤ 0.05.
Results
Stover biomass, grain yield, and grain quality
In 2010, both stover biomass and grain yield increased up to 150 kg N ha −1 , but further increase in N rate did not increase stover biomass and yield significantly. A high grain moisture content was noted in high N application. The kernel density and kernel size increased up to 30 and 150 kg N ha −1 , respectively and both parameters were found to be unresponsive to further increase in N rate. The highest harvest index was found both at the 150 and 180 kg N ha −1 , and the lowest found in the unfertilized control plots or plots that received only 30 kg N ha −1 . The fertilizer N source displayed a significant effect on grain moisture, kernel density, and kernel size. The highest grain moisture was found in the plot fertilized with CAN, and the lowest in the plot that received N from AS. A higher kernel size was noted in the plots that received N from both CAN and AN than the plots received N from both AS and urea (Table 1) .
In 2011, the highest stover biomass was found in the plots that received both 150and 200 kg N ha −1 and the lowest was found in the unfertilized control plots. The grain yield increased with increasing N rate. There was no trend in grain moisture as the N rate increased. Kernel density was found to be unresponsive to the N rate. The highest kernel size was found at 200 kg N ha −1 and the lowest found in the unfertilized control plots. The fertilizer N only had significant effects on grain yield and kernel size. The highest grain yield was found in the plots that received N from AS followed by the plots fertilized with CAN and the lowest was found in the plots fertilized with urea. A higher kernel size was found in the plots fertilized with both AS and urea than the plots fertilized with CAN (Table 1) .
[N] and [P] in stover and kernel and crop N use efficiency
In 2010, the N application rate significantly (P < 0.001) increased [N] in stover and kernel, but decreased [P] in the stover. N addition had no effect on the [P] in the kernel. N rate considerably (P < 0.001) decreased NupE, NutE, and aNUE in corn. Fertilizer N source only had significant effect on stover [N], kernel [N] , and NutE. A higher stover [N] was found in the plants fertilized with both CAN and AN than the plants fertilized with AS and Urea. The highest kernel [N] was found in the plants fertilized with both CAN and AN followed by the plants fertilized with AS, and the lowest found in the plants that received N from urea. A higher NutE was noted in the plots that received N from both AS and urea than the plots fertilized with CAN and AN (Table 2) .
In 2011, stover [N] increased with increase in N rate. Both 150 and 200 kg N ha −1 treatments displayed statistically higher kernel [N] than the unfertilized control plots. The highest values of NutE, pNUE, and aNUE were found in the unfertilized control plots and their lowest values were found in the plots that received 200 kg N ha −1 . A higher stover [N] was found in the plots that received both AS and urea than the plots fertilized with CAN. The highest values of NupE and aNUE were found in the plots that received N from AS and their lowest values were found in the plots that received N from CAN. A higher pNUE found in the plots that received both AS and urea than the plots that received N from CAN (Table 2) .
Leaf photosynthetic pigments, canopy reflectance, and photosynthetic capacity
In 2010, there was no collection of physiological data due to technical constraints. In 2011, the N application rate had significant effects (P < 0.001) on total leaf chlorophyll content and its components. The highest levels of Chl a, Chl b, and Chl a + b were found in the plants that received both 150 and 200 kg N ha −1 , followed by the plants that received 100 kg N ha −1 and their lowest levels were noted in the control plots. The fertilizer N source had marginal effects on the levels of Chl a, Chl b, and Chl a + b in corn. Higher levels of Chl a, Chl b, and Chl a + b were found in the plants that received both CAN and AS than the plants received urea. Growth stages had considerable effects (P < 0.001) on Chl a, Chl b, and Chl a + b content. The corn displayed the lowest and highest Chl a content at the V6 and V9 stages, respectively. The highest level of Chl b was found at the V8 stage followed by the V9 stage, and the lowest was noted at the V6 stage. The corn displayed statistically higher level of Chl a + b in both the V8 and V9 stages than in the V6 stage (Fig. 1) . The N application rate and fertilizer N source had marginal effects on NDVI, but had considerable effects (P < 0.05) on Red/NIR ratio in corn. There was a difference in NDVI between fertilized and non-fertilized plots, but had no differences in NDVI among the N application rates. Higher NDVI values were found in the plots that received both CAN and AS than the plots that received N from urea. The growth stage displayed considerable effects (P < 0.001) on both NDVI and Red/NIR. The values of NDVI gradually increased with advancing crop growth stages, with the lowest at the V6 and the highest at the V9 stage. The highest and the lowest Red/NIR ratio were found at the V6 and V9 growth stages, respectively (Fig. 2) .
The N application rate had significant effects (P < 0.01) on the leaf assimilation rate (A) in corn. The highest A was found in the plants that received 200 kg N ha −1 , followed by plants that received 100 kg N ha −1 , and the lowest was noted in the control plants. Growth stages had large effects (P < 0.01) on A and C i . Corn displayed the highest A both at the VT and R1 growth stages. There was then a gradual decline in A along with an increase in C i with advent of advanced growth stages (Fig. 3) .
Correlations among N application rate, yield, grain quality, and N use efficiency indices
In 2010, the N application rate positively correlated with stover biomass (SB), kernel size (KS), kernel moisture (KM), grain yield (Y), stover [N] (SN), and kernel [N] (KN), but negatively related with NupE, NutE, pNUE, and aNUE (Table 3) . Stover biomass was found to be positively related with KS, KM, Y, harvest index (HI), kernel Note: Interactions between the main effects are non-significant. Means within a column from the same source followed with different letters are significantly different according to the F-protected LSD 0.05 test (n = 4). density (KD), and KN, but negatively associated with stover [P] (SP) and all N use efficiency indices. Kernel size had positive correlations with KM, Y, SN, and KN, but had negative correlations with all N use efficiency indices. Kernel moisture was positively associated with Y, SN, KN, and KP, but negatively associated with both NutE and pNUE. Grain yield was found to be correlated with HI, KD, and KN, but negatively correlated with SP and all N use efficiency indices. The harvest index was positively correlated with KD, but negatively related with SP. Kernel density showed a negative correlation with SP. Stover [N] was positively related with KN and KP, but negatively related with NutE. The kernel [N] was negatively associated with all N use efficiency indices. The kernel [P] had negative association with NutE. The NupE was positively correlated with NutE, pNUE, and aNUE. The NutE showed positive associations with pNUE and aNUE. The pNUE was found to be positively correlated with aNUE in corn.
In 2011, the N rate positively correlated with SB, Y, KD, SN, and KN, but negatively correlated with SP and pNUE (Table 4) . Stover biomass had positive associations with Y, KD, and SN, but had negative association with SP. The kernel size positively related with KM, SN, and KN. Kernel moisture was positively correlated with KP, but negatively correlated with aNUE. The grain yield positively associated with KD and KN, but negatively associated with SP, NutE, pNUE, and aNUE. The stover [N] showed negative associations with SP, pNUE, and aNUE. The stover [P] was positively correlated with NutE. The kernel [N] positively correlated with KP, but negatively correlated with NutE, pNUE, and aNUE. The kernel [P] showed negative association with NutE. The NutE had positive associations with pNUE and aNUE. The pNUE found to be positively correlated with aNUE in corn.
Discussion
Effect of N application rate on stover biomass, yield, grain quality, and NUE in corn Note: Interactions between the main effects are non-significant. Means within a column from the same source followed with different letters are significantly different according to the F-protected LSD 0.05 test (n = 4).
We found that there was no significant increase in stover biomass by a higher N application beyond 150 kg N ha The normalized difference vegetation index (NDVI) has often been used to determine the health status of crops (Zhang et al. 1993; Ma et al. 1996; Saleem et al. 2010; Rambo et al. 2010) . High NDVI values indicate a greater portion of green vegetation and are associated with a greater N uptake (Bausch and Duke 1996; Rambo et al. 2010 ). We found that there was a large difference in NDVI values of corn canopy between fertilized and non-fertilized plots. But there was no detectable difference in the NDVI values among different N rates at the early growth stages. For example, addition of 100 and 150 kg N ha −1 increased NDVI values of corn canopy by 12% and 15%, respectively, relative to the control plots, and the supply of 200 kg N ha −1 did not further improve (2010) and Rambo et al. (2010) , which demonstrated a very small response of NDVI to higher N rates in wheat and corn. This can be explained by the extent of responses of Chl a and Chl a + b to different N application rates. For instance, every 50 kg N addition above 100 kg N ha −1 increased Chl a content by 13% and 3%, while the content of Chl a + b increased by 14% and 6% relative to the control plants. Thus, it appears that NDVI is relatively insensitive to a 3% increase in Chl a or a 6% increase in Chl a + b content, and a 10% increase in stover biomass was obtained at 200 kg N ha −1 compared to 150 kg N ha −1 . The photosynthetic rate is shown to be correlated with leaf N concentrations (Wolfe et al. 1988; Muchow and Sinclair 1994) . In our study, the application of 100 and 200 kg N ha
increased the A in the corn hybrid by 31% and 50%, respectively. This result indicates that the improved N nutrition increased the photosynthetic capacity in corn might be due to preferential allocation of N into photosynthetic enzymes (Evans 1989 ) rather than to photosynthetic apparatus as leaf total chlorophyll content and its component parts showed saturation in plants that received 150 kg N ha −1 .
The growth stage had a profound effect on chlorophyll content in the corn hybrid regardless of the N application rate. The results indicated that Chl a + b content significantly increased from V6 to V8 and its level remained similar at the V9 stage. This could be attributed to a significant reduction of Chl b at the V9 stage. Since the level of Chl a continues to rise from V6 to V9, corn plants might maintain higher levels of Chl a at the expense of Chl b at later growth stages. Similarly, the growth stage had a strong effect on both the NDVI and Red/NIR. The values of NDVI gradually increased, while Red/NIR decreased with advancing growth stages, suggesting that these two vegetation indices are generally more linearly related with foliage cover (Daughtry et al. 2000) . There was also a significant effect of growth stage on leaf assimilation rate (A) with a higher A both at the VT and R1 stages, before gradually declining with advancing growth stages. A gradual increase in C i over growth stages suggests that the loss of photosynthetic enzyme activity could be the major cause of reduced photosynthetic rate at the later growth stage of corn. It can be further explained by the fact that leaf N remobilization usually preferentially takes place towards developing grains instead of higher N allocation to the photosynthetic enzymes during the reproductive stage (McCullough et al. 1994) .
Fertilizer N is universally accepted as a key component to increase corn yield and economic returns. We found Effect of fertilizer N source on stover biomass, yield, grain quality, and NUE in corn
Fertilizer N source had no effect on stover biomass in any of the two years of the study. However, there were significant effects of N source on leaf photosynthetic pigments in 2011. For instance, N from CAN and AS resulted in higher levels of Chl a, Chl b, and Chl a + b than that from urea. The majority of leaf N is contained in chlorophyll molecules, and hence there is a close link between the leaf chlorophyll content and leaf N (Yoder and Pettigrew-Crosby 1995) . These results are therefore consistent with earlier reports that demonstrated a lower [N] in the ear leaf of no-tillage corn with urea than that with ammonium nitrate and urea ammonium nitrate (Touchton and Hargrove 1982; Fox et al. 1986 ). Although plants were provided with the same amount of N from different fertilizer N sources, higher level of leaf chlorophyll in corn that received N from CAN or AS could have resulted from greater N uptake (Fox et al. 1986 ). We also found that the fertilizer N source had a marginally significant effect on canopy reflectance indices in 2011. The corn fertilized with either CAN or AS displayed higher NDVI values than that with urea. This was due to higher levels of Chl a + b in plants that received N from CAN and AS than those that received N from urea.
We also found that the fertilizer N source significantly influenced grain yield only in 2011. The highest grain yield was found in the crop fertilized with AS, followed by corn fertilized with CAN, and the lowest was found in the corn fertilized with urea. The higher grain yield in corn fertilized with AS was attributed to a greater kernel size in 2011. This result implies that there was a lower efficiency of urea on corn yield compared to AS in wellmanaged production systems. These results are partially in agreement with earlier reports that demonstrated a lower productivity of urea for grain yield of no-tillage corn compared to that of ammonium nitrate (Bandel et al. 1980; Touchton and Hargrove 1982) . This can be further explained by higher NupE and aNUE in corn fertilized with AS compared with CAN or urea in the 2011 growing season. In contrast to our results, urea as a fertilizer N source improved both grain yield and N uptake in corn compared to other fertilizer N sources in a long-term N source study (Freeman et al. 2007 ). The results on the effects of fertilizer N source on different agronomic and N use efficiency traits obtained here indicated that these indices varied with years. Our results are in agreement with a recent report of Drury et al. (2012) , which demonstrated that fertilizer N source effects on N 2 O emission were significant, but were inconsistent with different years in southern Ontario.
Functional relationships among N rate, yield, grain quality, and NUE in corn
Nitrogen application rate was positively correlated with stover biomass, grain yield, stover [N] , kernel [N] , but negatively associated with pNUE and aNUE in corn in both years. These results are consistent with the notion that N is a key component in improving corn yield and grain quality (Zhang et al. 1993; McCullough et al. 1994) . It also indicates that a higher N application causes a reduction in N use efficiency in corn (Ma and Biswas 2015). Stover biomass positively correlated with grain yield and kernel density, but negatively associated with stover [P] . This suggests that grain yield may be increased with increasing biomass through increasing photosynthetic capacity in corn. The kernel size was positively related with kernel moisture and the levels of [N] in both stover and kernel. Grain yield was positively related with kernel density and kernel [N] , but negatively related with stover [P], NutE, pNUE, and aNUE. Both [N] and [P] in the kernel were negatively associated with NutE. The NutE was positively related with pNUE and aNUE. The pNUE was positively correlated with aNUE. The results imply that grain yield, grain quality, and N use efficiency must be optimized for sustainable corn production (Ma and Biswas 2015) .
